Exponentially growing Escherichia coli cells containing additional copies of the shape-determining gene mreB were found to be elongated, whereas mreB mutant cells were spherical and overproduced penicillin-binding protein 3, a septum peptidoglycan synthetase. The effect of the mreB gene on expression offtsl, the structural gene for penicillin-binding protein 3, was examined by using an ftsl-lacZ fusion gene on a plasmid. Formation of ,I-galactosidase from the fusion gene was significantly increased in mreBl29 mutant cells, and its overproduction was suppressed to a normal level by the presence of a plasmid containing the mreB gene. These results indicate a negative mechanism of control of cell division by this morphology gene and suggest that the gene functions in determining whether division or elongation of the cells occurs.
Two groups of genes forming clusters mrd (12) at 14.5 min and mre (13) at 71 min on the Escherichia coli chromosome map are known to function in determining the shape of E. coli cells. Mutants of genes of both clusters are spherical and show altered sensitivities to amidinopenicillin mecillinam. Products of the genes in the mrd cluster are penicillinbinding protein (PBP) 2, which is a peptidoglycan synthetase and a target of mecillinam, and the RodA protein, which probably functions together with PBP 2 (5). These proteins are thought to function in a very early step of cell elongation. The region of the mre cluster contains the mreB gene, which codes for a 37-kilodalton protein, and other genes that encode at least three other proteins (3) . We previously reported that a deletion encompassing these four coding frames causes an increase in the amount of PBP 1B, which is thought to be a rather general peptidoglycan synthetase, and PBP 3, a septum peptidoglycan synthetase (13) .
The shape-determining genes are thought to have a negative influence on cell division and a positive function in elongation of the cell into the correct rod shape. This notion is supported by the recent observation of Begg and others (1; A. Takasuga, K. J. Begg, W. D. Donachie, T. Ohta, and H. Matsuzawa, Seikagaku 60:716, 1988), who reported suppression of a mutation of ftsl by a point mutation in the coding frame of the RodA protein. This paper provides evidence for negative control of cell division by the mreB gene.
MATERIALS AND METHODS
Bacterial strains and media. The properties of E. coli K-12 strain PA340 (F-argHl thr-J leuB6 gdh-J hisG-I gItB31 thi-l lacYl gal-6 xyl-7 ara-14 mtl-2 malAl rpsL9 tonA2) and its mre derivatives PA340-129 (the same as PA340 but gItB+ mreB129) and PA340-678 (the same as PA340 but gltB+ A&mre-678) were described in a previous report (13 Plasmid construction. Plasmid pMEL6 ( Fig. 1 ) was constructed by ligation of the 2.1-kilobase (kb) HinclI fragment of pMEL1 (13) into low-copy-number plasmid pLG339 (11) . The 1.5-kb SmaI-HincII fragment (8; Fig. 2 ) including the first 267 codons of ftsI was inserted into the SmaI site of pMC1403 (2; Fig. 2 ) to make an in-frame joint between the N-terminal part of ftsI and the C-terminal part of lacZ. Transformants of MC1061 forming blue colonies on an L'-Lip agar plate containing 20 mg of 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside per liter were selected to obtain the correctly oriented plasmid pFIM1 (Fig. 2) .
Enzyme assays. Cells were cultured at 30°C until the A660 reached 0.5, collected at 4°C, and disrupted in 50 mM sodium phosphate buffer (pH 7.4) by sonication at 10 kHz. P-Galactosidase activity was determined by measuring degradation of o-nitrophenyl-,B-D-galactopyranoside as described by Miller (7) . The reaction was carried out in 1 ml of a mixture of 50 mM sodium phosphate (pH 7.4), 0.5 mg of o-nitrophenyl-,-D-galactopyranoside, and enzyme at 30°C and stopped by addition of 1 ml of 1 M sodium carbonate. One unit of 3-galactosidase activity was defined as that causing an increase in A410 of 0.001/min at 30°C. ,-Lactamase activity was determined by measuring degradation of nitrocefin as described by O'Callaghan et al. (9) . The reaction mixture consisted of 50 mM sodium phosphate (pH 7.4), 5 pLg of nitrocefin, and enzyme in a total volume of 0.1 ml. One unit of 1-lactamase activity was defined as that causing an increase in A490 of 1.0/min at room temperature.
PBPs were detected fluorographically by binding of [3H]benzylpenicillin, followed by separation on sodium dodecyl sulfate-polyacrylamide gels as described previously (10, 12) .
Microscopic observation of cells. Cells were fixed in 3% formaldehyde, spread on 0.5% agar (L'-Lip broth), and observed under a phase-contrast microscope with dark-field illumination.
Radioactive (Fig. 3) , and the cells became short rods (Fig. 4B) deletion of the chromosome encompassing mreB and three coding frames for the 40-, 22-, and 51-kilodalton proteins in the mre region (13) . We subsequently confirmed that overproduction of PBP 3 was mainly due to mutation of the mreB gene; the mreB129 mutant cells showed an increased level of PBP 3 but normal levels of all other PBPs (Fig. 5) .
To examine the possibility that the mreB gene repressed the production of PBP 3, we introduced theftsI-lacZ protein fusion plasmid pFIM1 (Fig. 2) into both the mreB+ strain PA340 and the mre mutants PA340-129 (mreB129) and PA340-678 (Amre-678) and measured the formation of ,Bgalactosidase from the fusion gene. The fts-I-acZ fusion gene was expressed constitutively in mreB+ cells, whereas its expression was increased 2.6-to 3.6-fold in the mreB129 and Amre-678 mutant cells (Table 1) . Overproduction in mreB129 cells was reduced to the level in wild-type cells by the coexistence of pMEL6 containing the mreB gene. In contrast, overproduction in Amre-678 deletion mutant cells could not be suppressed by plasmid pMEL6, which contained the mreB gene but not the entire mre region; suppression to the wild-type level required the larger plasmid pMEL1, which covered the entire mre region complementing the Amre-678 mutation. rod shape of E. coli cells (3) . The inhibition of cell division by excessive copies of the mreB gene and enhanced expression of the cell division gene ftsI in mreB mutant cells may indicate a function of the mreB gene as a regulator for determining progression to cell division or elongation. However, mreB is certainly not the only gene involved in this proposed mechanism. A decrease in the amount of PBP 3 in mreB' cells by additional copies of the mreB gene could not be proved becaus'e of the very small amount of this protein in the strain used (Fig. 5) .
The other spherical cells, Amre-678 mutant cells, which have a large deletion of the chromosome encompassing the mreB genle and at least three other coding frames causing overproduction of PBPs lB and 3 (3, 13) , also increased the level of expression of the ftsl-acZ fusion gene; this increase could be suppressed by plasmid pMEL1, which contains the entire mre re'gion, but not by the smaller pMEL6, which contains onily the mreB gene. Therefore, more than one of the gene products of the mre region are directly involved in this proposed division-elongation on-and-off control system, or the effects of mutation and deletion on ftsI expression in the mre region are indirect as a result of changes in cell metabolism resulting from these mutations. It is unknown whetherftsl is the only gene affected by the mreB product. It is also unknown at what point the mreB gene product inhibits cell elongation. Repression of the Ion gene or inhibition of the Lon protein may also be the mechanism. The mreB mutant forms spherical cells and shows altered sensitivity to the antibiotic mecillinam, which specifically inhibits the transpeptidase activity of PBP 2. The mreB product is probably involved as a positive regulator in the process of cell elongation. However, since the amount of PBP 2 is not affected by the mreB mutation, the positive control target of the mreB gene may not be simply the gene coding for PBP 2 (mrdA).
As reported previously, the C-terminal portion of the MreB protein shows high homology with the FtsA protein (3), which is thought to be involved in a late step of cell division (4) . Therefore, these two proteins may have regulatory, though opposing, functions to ensure that rod-shaped cells begin to either elongate or divide at the correct position on the cell surface and at the appropriate time in the cell cycle.
Preliminary experiments on fractionation of the MreB protein by ultracentrifugation followed by sarcosyl extraction showed that the MreB protein was located in the cytoplasmic membrane (data not shown). The MreB protein probably functions in this domain of the cell. It may be reasonable to assume that this protein functions as a kind of sensor that recognizes the topology of the cells, determining the correct position of the zone for growth or division on the cell surface according to the length or mass of the cells, that is, the start of cell elongation at the one-unit rod length (or mass) and division at the two-unit length (or mass) of the cells.
Further work is necessary to determine the effect of the mreB gene on a number of other genes and the base sequences and functions of the products of other genes involved in the mre region. The expression and effects of the mrd genes mrdA (coding for PBP 2) and mrdB (coding for the RodA protein) also require further investigation. Previously, Begg et al. (1) reported that a mutation in the mrdB gene (rodA) suppressed the thermosensitivity and filamentation caused by a mutation atftsl. Since the rod mutation usually does not appreciably affect the amount of PBP 3 in cells, we presume that this suppression could be due to a very delicate change in the balance of proteins involved in the divisionelongation on-and-off mechanism.
